Metastasis
Both homotypic and heterotypic CTC clusters are characterized by a high metastasisforming capability, high proliferation rate and by distinct molecular features compared to single CTCs, and their presence in the peripheral circulation of cancer patients is generally associated with a poor prognosis. In this short review, we summarize the current literature that describes homotypic and heterotypic CTC clusters, both in the context of their molecular characteristics as well as their value in the clinical setting. While CTC clusters have only recently emerged as key players in the metastatic process and many aspects of their biology remain to be investigated, a detailed understanding of their vulnerabilities may pave the way towards the generation of new metastasis-suppressing agents.
Circulating tumor cells
Circulating tumor cells (CTCs) are cancer cells that have shed from a primary or metastatic tumor lesion and have entered the blood circulation [1] . The isolation of CTCs from blood specimens has been a major hurdle for a long time, mostly due to the rarity of CTCs in peripheral blood samples and the absence of suitable technologies capable to enrich few CTCs from specimens containing billions of blood cells. More recently, however, the development of microfluidic tools applied to the liquid biopsy field has enabled detailed CTC isolation and interrogation [2, 3] .
These CTC technologies are designed to exploit differences between CTCs and blood cells and can be divided into two major groups, i.e. those that capture CTCs based on the expression of a particular antigen (antigen-dependent) versus those that take advantage of physical parameters such as size and deformability (antigen-independent). One typical example of an antigen-dependent CTC isolation technology is CellSearch [4] , based on antibody-mediated CTC recognition through Epithelial cell Adhesion Molecule (EpCAM) and cytokeratin staining (both are expressed by epithelial cells but absent in blood cells), concomitantly with CD45 staining to exclude white blood cells (WBCs). CellSearch has been widely used for CTC enumeration in several studies involving large patient populations, and received FDA approval for the identification of high-risk patients among those with metastatic breast, prostate and colorectal cancer [4e7]. Alternatively, examples for antigenindependent CTC technologies include size-based approaches [8, 9] , for instance based on narrowing microfluidic channels that allow the passage of blood cells, while due to their larger diameter CTCs are trapped, independently of marker expression [8] . Similarly, micro-scale vortices and inertial focusing of cells also allow CTC enrichment from blood cells, taking advantage of their larger size [9] . While many more CTC isolation technologies are available on the market [2] and others are being produced, CTC-focused investigations have already revealed important features of the metastatic process.
One of the clearest features of CTCs, based on large clinical studies and confirmed with multiple technologies, is that their presence in the bloodstream of cancer patients (with varying thresholds based on the cancer type) correlates with a poor prognosis, compared to patients in whom CTCs are not found or are found to be below threshold [10] . This aspect is important for patient stratification, but it also allows to access tumor-derived material (cancer cells, in the case of CTCs, but also other tumor derivatives such as cell-free nucleic acids or extracellular vesicles) from a liquid biopsy, allowing minimally-invasive disease monitoring and interrogation [11] . Further, it is well-established that CTCs can be found within the bloodstream as single cells (single CTCs) or as cell clusters (CTC clusters) composed of cancer cells-only or admixed with immune or stromal cells [12] . While the presence of both single and clustered CTCs has been postulated first, then directly observed in surgical specimens already in the 19th century [13e15], their biological properties have only recently being investigated.
Circulating tumor cell clusters
CTC clusters are defined as multicellular CTC aggregates of two or more cells, held together through intercellular junctions. CTC clusters (a.k.a. tumor microemboli) were first postulated in 1858 by Rudolph Virchow, a German physician, anthropologist, politician and social reformer, best known for being the founder of the field of cellular pathology, affirming that metastasis could be explained by the arrest of tumor microemboli in the vasculature [13] . CTC clusters were then also directly observed and investigated for the first time several decades ago [14e19], often as an incidental finding during autopsy of cancer patients. Generally, CTC clusters appear to be a feature of adenocarcinomas of the breast, colon, lung or stomach, and they have also been found in hepatocellular carcinoma, prostate cancer, choriocarcinoma and renal cell carcinoma, among other cancer types [20e23] . Their presence in the bloodstream of cancer patients has also been associated to a poor clinical outcome in a number of studies and cancer types [24e30].
It is however only recently that the biology underlying clustering of CTCs has been investigated. This has been possible not only by the development of specialized microfluidic tools that enable isolation of clustered CTCs alongside with single CTCs, but also thanks to sophisticated single cellresolution assays and next-generation sequencing methods. While this field of research is still in its infancy, these recent studies (reviewed below) have highlighted important biological insights featuring clusters of cancer cells only (i.e. homotypic CTC clusters) as well as clusters that comprise non-cancerous cells additionally to cancer cells (heterotypic CTC clusters), suggesting a prominent role for these multicellular aggregates in the metastatic process.
Homotypic CTC clusters
Homotypic CTC clusters typically comprise a minority (1e30%) of the total CTC events found in the peripheral circulation of patients or mouse models, and their abundance is subject to disease stage, as well as size and molecular characteristics of the tumors [24,31e33] . Despite their rarity in comparison to single CTCs, CTC clusters have been shown to be responsible for the formation of the majority of metastatic lesions in animal models, and to carry a substantially elevated metastasis-initiating ability [24, 34, 35] . The number of detectable CTC clusters increases during disease progression, and their frequency rises as well when drawing blood from upstream locations, e.g. from the tumor draining vessel as opposed to more peripheral sites [32, 36] , arguing that CTC clusters may be trapped in small capillary networks before reaching the periphery. Similarly to single CTCs, the presence of CTC clusters is also an indicator of a poor prognosis in breast, colon and small-cell lung cancer [24, 29, 37] , and CTC clusters appear to be a better independent survival predictor compared to CTCs alone, although bigger patient cohorts of several cancer types will be needed to confirm this hypothesis.
At the molecular level, homotypic CTC clusters present important features that have been recently identified. The presence of functional cellecell junctions between cells in a cluster is critical for their existence, and in this context, key players such as plakoglobin, claudin 3 and claudin 4 have been identified and functionally validated [24, 38] . CTC clusters have also been shown to express the epithelial cytoskeletal protein keratin 14 (K14), and to be dependent upon K14 expression for the achievement of metastatic dissemination [35] . In a separate study, breast CTC clusters have also been reported to rely on CD44 homophylic interactions to maintain their multicellular structure [39] . Generally, intercellular junctions in CTC clusters appear to have a more profound effect than just cellecell junction: in a recent study, the ability of cancer cells to form clusters was shown to impact on DNA methylation dynamics, and lead to the hypomethylation of binding sites for stemness-and proliferation-related transcription factors such as OCT4, SOX2 NANOG and SIN3A, among others [38] . Dissociation of CTC clusters into single cells, either via cellecell junction disruption or pharmacological treatment, leads to re-methylation of these critical transcription factor binding sites and suppression of their metastasis-seeding ability [38] . Interestingly, the link between cellecell junctions and DNA methylation dynamics represents an analogy with classic stem cell biology, whereby cellecell junction activity has been shown to safeguard pluripotency and to be required for a complete reprogramming of somatic cells into stem cells, with cellecell junction disruption in human embryonic stem cells leading to the loss of their stemness activity [40e42].
CTC clusters appear to be advantaged during the metastatic process because of two main reasons. While their multicellular nature impacts directly on those molecular features that promote stemness and metastasis, CTC clusters are also intrinsically carrying a physical advantage mainly represented by their larger size compared to single cells. Despite the evidence that clusters may be able to traverse capillary-sized vessels in vitro [43] , when labeling CTCs with a fluorescent dye and assessing circulation time in vivo flow cytometry imaging, it was found that the circulation half-life of CTC clusters is between 6 and 10 min, while single CTCs circulate for 25e30 min, i.e. clusters are cleared from the circulation at least three times faster than single cells [24] . This argues in favor of a model whereby CTC clusters are trapped in capillary beds due to their larger size, and reach distant vital organs through physical entrapment. This physical advantage of CTC clusters to get trapped in distant organs, coupled with their increased metastasis-seeding ability conferred by active cellecell junctions, make CTC clusters highly equipped precursors of metastasis.
Together, recent studies have suggested a prominent role for homotypic CTC clusters in the metastatic process, as well as they have started to identify their biology and potential opportunities to intervene pharmaceutically to counteract their action, possibly leading to new anti-metastasis therapies. However, several studies have shown that CTCs may not only cluster among themselves, but also aggregate with noncancerous cells, i.e. form heterotypic CTC clusters.
Heterotypic CTC clusters
Heterotypic CTC clusters are cellular aggregates of cancer cells with non-malignant stromal or immune cells. These nonmalignant cells comprise white blood cells, fibroblasts, endothelial cells and platelets, and have been shown to contribute to the metastatic potential of CTCs in various ways. For instance, recent findings have highlighted that CTCs can be found within the bloodstream of patients and mouse models in association with immune cells, which in the majority of the cases belong to the myeloid lineage [36, 44] . When myeloid cells at various stages of differentiation (myeloid-derived suppressor cells to neutrophils) adhere to CTCs, their main effect is to increase CTCs' metastatic potential by promoting proliferation [36, 44] . In CTC-neutrophil clusters, this is mediated by a cytokine-receptor crosstalk involving IL-1b and IL6, whose depletion is sufficient to abrogate neutrophil-induced proliferation in CTCs, resulting in a reduced metastatic ability [36] . CTC-neutrophil clusters are kept together through VCAM-1dependent intercellular junctions, and accordingly, CRISPRbased depletion of VCAM-1 in xenografts prevents CTCneutrophil clusters formation [36] . Interestingly, the first interaction between CTCs and neutrophils does not seem to occur within the bloodstream, but at the level of the primary tumor, where tumor-infiltrating neutrophils detach from the primary cancer site together with cancer cells and enter the bloodstream already in the form of CTC-neutrophil clusters [36] . Neutrophil recruitment to the primary tumor is a welldescribed phenomenon, influenced by a variety of released factors, but also by the genetic makeup of tumor cells themselves [36,45e47] . Given this, we speculate that heterotypic CTC clusters may be likely to comprise various cell types in different cancers, depending on what is the most abundant infiltrating immune or stromal cells in a given tumor.
Along these lines, in a context-dependent fashion, heterotypic CTC clusters have also been found to contain nonimmune stromal cells. For instance, in lung cancer mouse models, CTCs have been found in association to fibroblasts, and this interaction also increased the metastatic ability of CTCs themselves [48] . Fibroblast depletion resulted in a decreased tumor growth rate and reduced metastasis, indicating that the interaction between cancer cells and fibroblasts may support the metastatic spread of cancer [48] . Further, other cell types have been found to promote the metastatic ability of cancer cells. These include cancer-endothelial cells co-culture models used for subsequent transplantation in mice and shown to promote tumor growth rate and metastasis [49] , as well as cancer cells-platelet co-cultures, also found to increase metastatic ability upon transplantation in mice in a TGFb1-dependent fashion [50] . The interaction between CTCs and platelets has been postulated also in patient samples in various other studies, mostly by detecting the expression of platelet markers (e.g. ITGA2B, ITGB3, SELP, SPARC) from total RNA extracts of CTCs (both single and clustered) [24, 36, 51] . Together, the data on heterotypic interactions of CTCs with immune and non-immune stromal cells provides evidence for multiple types of possible interactions, many of which result in CTCs "bringing their own soil" and increasing their likelihood to efficiently metastasize. While this field of research is still at an early stage and the literature is not extensive, future work will be key to classify the frequency and composition of heterotypic CTC clusters in various cancer types and along disease progression, together with a broader understanding of their implications for the metastatic process.
Outlook and conclusions
While the identification of clustered CTCs traces back to the 19th century, recent technologies have enabled their molecular and functional interrogation, leading to the identification of important aspects of the metastatic process [ Table 1 ]. Nonetheless, several aspects that relate to CTC clusters biology are yet to be investigated, and new, unconventional experimental approaches will be needed to resolve important biological questions.
Among these, future studies will be needed to conclusively determine whether the generation of clustered CTCs is a stochastic (passive) process or an active phenomenon that is influenced by specific tumor-intrinsic or microenvironmental cues. Should clusters be shed in an active fashion, the identification of those factors that promote CTC clusters formation may lead to the ability to prevent their intravasation, possibly leading to a reduced metastatic spread. Secondly, it is also poorly understood what is the degree of mutational heterogeneity within cells of individual clusters in patients. While this is likely to be largely dependent on the cluster size (i.e. bigger clusters are more likely to be mutationally heterogeneous than smaller clusters), should CTC clusters be able to carry more than one tumor sub-clone at a time, this would support a scenario whereby individual CTC clusters can directly seed multiclonal metastasis. Understanding this aspect of CTC cluster biology would be important to better comprehend the dynamics that underlie mutational heterogeneity along the metastatic cascade. Lastly, it will be important to investigate circulation dynamics of CTC clusters in patients. Based on mouse models, CTC clusters appear to be shed early and to be significantly more abundant when the blood is taken prior to passage through a capillary network as opposed to more peripheral locations, indicating that tumors might shed many more CTC clusters than originally anticipated [36] . Being able to draw blood from upstream locations (e.g. tumor draining vessel) in patients may highlight highly-unexpected patterns of CTC composition, and eventually enable CTC cluster detection and isolation even in those patients with small, localized disease.
Altogether, while not yet extensive, the literature on homotypic and heterotypic CTC clusters clearly suggests their propensity to act as major drivers of the metastatic process. Targeting or preventing the formation of CTC clusters may lead to a significant delay in metastasis formation independently of primary tumor shrinkage, yet, given the rather long latency between primary tumor formation and the occurrence of metastasis, innovative clinical trial designs will be needed to measure the efficacy of new anti-cluster drugs in patients (i.e., within reasonable timeframes). New studies will also be required to gain further insights into the biology and vulnerabilities of CTC clusters in several cancer types, always considering blood circulation dynamics as a function of the tumor location, as a better understanding of these phenomena may lead to novel anti-metastasis therapies.
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